Introduction
Ethanol withdrawal following chronic alcohol consumption is reported to produce dramatic changes in the content of brain excitatory neurotransmitters as well as their associated receptor sensitivity and regulation.
1 Upregulation of glutamate neurotransmission as a consequence of chronic alcohol intake may contribute not only to neurotoxicity but also to neuronal death observed in brains of alcohol-dependent individuals (e.g.Davis and Wu, 2 and Bleich 3 ). This upregulation is related to the neuroadaptation, which results from chronic ethanol intoxication, causing a hyperexitable state that may also lead to seizures and delirium tremens during alcohol withdrawal.
1,4,5 However, while most research focuses on the effects and consequences of acute and chronic alcohol consumption on glutamatergic ionotropic NMDA (N-methyl-D-aspartate) receptors, several other ligand-gated channels activated by glutamate might be involved in the pathophysiology of alcoholism, including alcohol withdrawal-related complications such as delirium tremens and seizures.
Besides NMDA and AMPA (alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate) receptors, kainate (KA) receptors are the third class in members of the glutamategated family of ionotropic receptors. It is assumed that KA-receptors channels are formed by tetramers or pentamers of GluR5-GluR7, KA1, KA2 subunits. While GluR5-7 represent low-affinity subunits and KA1-2 are considered highaffinity subunits, 6 it is not clear as to which combination actually exist in native KA receptors in mammalian brains.
Some pathways involved in physiological activation of KA receptors are still unknown, 7 although physiological studies have identified both post-and presynaptic roles for KA receptors. This class of receptors has also been suggested to play an important role in short-and long-term synaptic plasticity. 8 KA receptors have been reported to generate a slow excitatory activity-dependent synaptic current, which greatly augments excitatory currents of hippocampal CA3 pyramidal cells. 9 While located both pre-and postsynapticlly, KA receptors play significant roles in the regulation of hippocampal excitability. They inhibit glutamate release presynaptially [10] [11] [12] and also regulate action potential-dependent GABA release from interneurons. KA receptor mediated increase of interneuronal GABA release may function as an important homeostatic mechanism that prevents overexcitation of hippocampal CA1 pyramidal neurons. 13, 14 While little was known about adaptations in KA receptors after chronic ethanol intake, in recent years KA receptors have emerged as important targets of alcohol's action in the central nervous system. 15 Exposure to ethanol for 1-5 days selectively decreased the sensitivity of KA receptor responses to low KA concentrations. 16 Furthermore, an upregulation of these receptors under chronic administration of alcohol in hippocampal regions has been reported. This upregulation was suggested to eventually result in an increased inhibition of GABAergic interneurons in the hippocampus during alcohol withdrawal. 17 This makes KA receptors prime candidates in hippocampal kindling, which is suggested to be an important pathophysiological factor generating alcohol withdrawal-induced seizures and delirium tremens. 18 The GluR7 subunit of KA receptors has been mapped to chromosome 1 at 1p34-p33, 19 close to a region reported to be associated with alcoholism and alcoholism-related phenotypes from linkage studies. [20] [21] [22] GluR7 receptor subunits form a functional homomeric receptor channel with low sensitivity to glutamate. 23 The GluR7 contains an exonic thymine/guanine nucleotide variation that determines a serine or alanine at position 310 in the N-terminal extracellular domain of the receptor. 24 This domain has been reported to affect receptor desensitization 25 and to participate in ligand binding. 26, 27 Prior electrophysiological investigations of both alleles in HEK 293 cells did not indicate that the replacement of serine 310 by alanine affects receptor responses to glutamate. 28 However, expression studies and characterization of putative consequences confirmed the functional relevance of this polymorphism. First, a lower KA-receptor expression of T-allele carriers (Ser310) was detected. In seven of nine human brain tissue samples under investigation, a 1.4-to 4.7-fold reduction of this allele expression was found. Second, while the Ser310 allele expression levels in the occipital cortex, mesencephalon, cerebellum basal ganglia and thalamus was significantly lower, the frontal brain had a two-fold higher expression level of this allele. 28 The aim of this analysis is to investigate the influence of a GluR7 functional polymorphism on a history of epileptic seizures or delirium tremens during alcohol withdrawal in an in patient sample of alcohol-dependent subjects. Delirium tremens and epileptic seizure may have different and independent neurobiological mechanisms, they often cooccur during withdrawal. For a subsequent analysis, therefore, three groups of alcohol-dependent subjects with a lifetime history of delirium tremens only, epileptic seizures only and co-occuring delirium tremens and seizures are associated with this GluR7 functional polymorphism.
Furthermore, the potential influence of severity of alcohol dependence, reflected by illness duration, severity of alcohol dependence according to number of DSM IV criteria endorsed, poor somatic condition, early age of onset and daily alcohol intake as well as subtypes of alcohol-dependent subjects (Babor's Type A and B) are evaluated. All these characteristics of alcohol dependence might increase the risk for both epileptic seizures and delirium tremens during alcohol withdrawal and mediate the influence of genetic polymorphism on alcohol withdrawal complications.
Results
Two hundred and thirty-three alcohol-dependent individuals (189 males and 44 females, aged from 18 to 74 years, mean age 42.0279.8 years, see Table 1 ), all meeting ICD10 and DSM-IV criteria for alcohol dependence were recruited. As controls, 309 persons (161 males, 148 females, aged from 19 to 76 years; mean 46.8712.1 years) were enrolled into the study. History of alcohol withdrawal-induced delirium tremens was noted in 45 (19.3%), while a history of alcohol withdrawal-induced epileptic seizures was reported from 54 (23.2%) of the 233 alcohol-dependent subjects. Also presented in Table 1 are the duration of alcohol dependence, number of DSMIV alcohol-dependence criteria endorsed and the number of subjects meeting Babor's type A and B criteria.
Genotype results
The genotype frequencies of alcohol dependent subjects and controls are presented in Table 2 . Data for both alcoholdependent individuals and controls followed the HardyWeinberg equilibrium (w 2 : 2.18, df: 1, P: 0.34 and w 2 : 0.17, df: 1, P: 0.92).
To assess the influence of GRIK3 polymorphism on alcohol dependence, GRIK3 genotype and allele frequencies were compared between alcoholic subjects and controls. No significant differences were detected.
Alcohol withdrawal-induced seizures, delirium tremens and GRIK3 functional polymorphisms Alcohol-dependent individuals with a history of alcohol withdrawal-induced seizures showed no significant relationship to either the GRIK3 Ser310 or 310Ala allele compared to healthy controls and alcoholics without seizures (see Table 2 ).
Comparing alcohol-dependent individuals with a history of alcohol withdrawal-induced delirium tremens with controls, a weak but significant relationship to the GRIK3 polymorphism was detected (w 2 : 3.91, df: 2, P: 0.03). A more pronounced result was detected comparing alcohol-dependent individuals with delirium tremens to individuals without (w 2 : 7.67, df: 1, P: 0.002; Table 2 ). Alcohol-dependent subjects who reported a history of delirium tremens were significantly more often carriers of the Ser310 allele as compared to alcoholics without delirium tremens (w 2 : 7.67, df: 1, P: 0.002, OR 1.29, CI 95%: 1.20-1.39). Comparing alcoholics with a history of delirium tremens to controls, again a significant influence of the Ser310 allele was detected (w 2 : 3.91, df: 1, P: 0.03, OR: 1.17, CI 95%: 1.12-1.22).
Of the 29 patients without Ser310 allele, none had even one episode of delirium tremens, compared with 12.5% (11 of 88) of patients with one Ser310 allele and 21.5% (15 of 116) patients homozygous for this allele (w 2 : 6.81, df 1, P: 0.009, Cochran-Armitage linear test).
While not reaching statistical significance, alcoholic subjects who are homozygous carriers of the Ser310 allele reported a slightly higher rate and an earlier age of onset of delirium tremens, compared to alcoholic subjects heterozygous for this allele (rate of delirium tremens: 2.5572.2 vs 1.8471.40, t-value: À0.98, P: 0.35; delirium tremens age of onset: 30.36711.0 vs 33.32712.8, t-value: 0.65, P: 0.51).
Finally, the effects of the GRIK3 polymorphism on history of delirium tremens and epileptic seizures occurring 
Alcoholism-related clinical characteristics and GRIK3 genotypes
Comparing alcoholism-related clinical characteristics, which may have a significant influence on the risk of delirium tremens such as previous alcoholism-related treatment, duration of alcohol dependence, number of alcoholrelated physical problems and age of onset, no significant association with the GRIK3 polymorphism was found.
While a statistical tend was found for more DSM IV criteria endorsed in GRIK3 Ser310 allele carriers (ANOVA F-value: 2,73, df: 2, P: 0.067), no relationship was detected for Babor's A/B subtypes.
Discussion
In this analysis of the Munich Gene Data Bank for alcoholism (MGBA), associations between the history of delirium tremens and alcohol withdrawal-induced seizures with a functional polymorphisms of the KA receptor subunit gene GRIK3 coding for GluR7 were investigated. The significant association between delirium tremens history with the Ser310 allele supports the hypothesis of a significant role of this GRIK3 functional polymorphism in the pathogenesis of severe complications in alcohol withdrawal. The result is strengthened by the two comparisons conducted, which were both significant: alcoholics with and without delirium tremens, and alcoholics with delirium tremens and controls. However, the latter association was weaker and the odds ratio decreased from 1.29 to 1.17. An explanation could be that this GRIK3 functional polymorphism is modifying the alcoholism phenotype rather than being a risk factor for alcohol dependence itself. This hypothesis is supported by the analysis of the relationship between GRIK3 polymorphism, delirium tremens and epileptic seizures occurring alone or in combination. This GRIK3 polymorphism might exert a differential effect on the liability for delirium tremens in alcohol-dependent subjects only, since no significant effects was found for the epileptic seizure or the combined epileptic seizure and delirium tremens group. Furthermore, a gene-dose effect of the GRIK3 Ser310 allele was found where the rate of delirium tremens increased significantly in those persons who carried one or two copies of this allele.
The GRIK3 gene is localized on chromosome 1 (1p34-p33 19 ) in vicinity of a genomic area related to alcoholism and alcoholism-related phenotypes as reported by the COGA study. 20, 21 This association was recently supported by a family-based study using genetic fine-mapping of the 1p region of chromosome 1. 29 Comparing gentoype frequencies in our study with previous research (Begni et al., 30 n ¼ 116 and Schiffer et al.,
28 n ¼ 35), control subjects had a similar distribution of alleles and genotypes. However, the allele frequencies in our alcoholic subjects were different from those obtained by Begni et al., 30 who reported lower genotype frequencies of the GRIK3 polymorphism Ser allele in his sample of schizophrenic patients. These patients had a very different psychiatric diagnosis of schizophrenia while the in-patient sample enrolled into this study all had a diagnosis of alcohol-dependence. Moreover, subjects with a comorbid schizophrenic psychosis were excluded from our study.
Alcoholism-related traits are reported to have a complex inheritance with genetic heterogeneity of the human susceptibility to delirium tremens and other alcoholismrelated phenotypes. Thus, these phenotypes including delirium tremens might be caused by a number of genes with small effects. Furthermore, little is known about the interplay and control of these genes on the genetic and meta-genetic level. GRIK3 might be one of them involved in the pathophysiology of delirium tremens. This is the first study conducted on KA receptor GRIK3 Ser310Ala functional polymorphism and alcohol withdrawal-related phenotypes. A growing number of previous studies have reported an association between putative functionally relevant dopamine transporter polymorphisms and withdrawal seizures or delirium tremens in alcoholdependent subjects, [31] [32] [33] [34] while some of these positive findings are not unanimously confirmed by other research groups using a more specific but less powerful family-based association approach. 35 In mice, an association between quantitative trait loci in proximity to genes that directly or indirectly affect gammaaminobutyric acid (GABA)-A receptor-mediated transmission and withdrawal intensity have been reported. 36 Reduced coupling between the GABA recognition site on the GABA-A receptor and the chloride channel has been noted. 37 The interaction between glutamatergic and GABAergic neurotransmission may be of high significance in the development of delirium tremens. Decreased GABA-Amediated inhibition during alcohol withdrawal has been related to increased glutamate-mediated excitability and both may be critical mechanisms of alcohol withdrawalinduced seizures 38 and the development of delirium tremens, which often occur simultaneously since many alcoholics with delirium tremens also experience epileptic seizures. 39 Glutamate enhances inhibitory GABA neurotransmission.
1 During chronic alcohol consumption, decreased glutamatergic neurotransmission may eventually cause GABA to be low. During withdrawal, increased excitatory neurotransmission may contribute to even lower GABAergic neurotransmission. The combined effect of the inferred increased excitatory neurotransmission and decreased GABAergic neurotransmission would lead to substantial amplification of the overall excitatory neurotransmission. 1 These effects eventually may result in more severe withdrawal and neuronal death since even selective neuronal degeneration has been reported resulting from the activation of glutamatergic ionotropic receptors. 40 While the exact role of ionotropic KA receptors in alcohol dependence is unknown, previous research reported that in the presence of low concentrations of EtOH (5-10 mM), KA receptors in hippocampal interneurons are inhibited, which reduces the excitatory effect to these neurons, subsequently decreases GABAergic transmission and increases the excitability of pyramidal neurons. In contrast, higher concentrations of ethanol reduce the inhibitory effect of KA receptors on GABAergic transmission, 41 inhibit KA-receptor-mediated synaptic currents in hippocampal CA3 pyramidal neurons 42 and modulate the function of other neuronal proteins, including GABA-A and NMDA-receptors. 15 The end results of the combined action of ethanol on all these effects is believed to cause neuronal depression, 43 which may also be a result of chronic alcohol intake. During withdrawal, however, upregulated NMDA-receptors are no longer blocked by chronic alcohol intake, and the decreased number or impaired function of GABA-A receptors may be too low to compensate for excessive glutamatergic excitation. 44 Concerning the potential role of hippocampal KA receptors during withdrawal, while previous research reported significant acute effects of alcohol intake on KA receptor expression and function, 15, 16 chronic and high-dose alcohol consumption may lead to upregulation of KA receptors, as well as NMDA receptors, in particular in hippocampal regions and subsequently resulting in stronger GABAergic transmission and neuronal depression. During withdrawal from chronic alcohol intake, higher expression of KA receptors may eventually amplify low GABAergic transmission, beside the direct effects of chronic alcohol ingestion on GABA-receptors. These effects may contribute to the generation and intensity of alcohol withdrawal by facilitating kindling in hippocampal regions. Alcohol withdrawalrelated kindling is a phenomenon in which a weak electrical or chemical stimulus, which initially causes no overt behavioral response, results in the appearance of behavioral effects, such as more severe withdrawal or seizures, when it is administered repeatedly. 45 Repeated withdrawal from chronic alcohol consumption is reported frequently from alcohol-dependent subjects and over time might increase the risk of developing an alcohol withdrawal-related seizures 46 or delirium tremens. 47 Genetic polymorphisms of the GRIK3 gene may explain inter-individual differences in the density and affinity of KA receptors. Ser310 allele carriers have lower expression levels of this receptor during alcohol withdrawal. This may destabilize the interaction between KA receptors and GABAergic neurotransmission and may eventually be a risk factor for more severe withdrawal and delirium tremens.
However, the exact effects of chronic alcohol consumption on expression levels of KA receptors depending on Ser310Ala alleles are not known and deserve further research to reveal its role in alcohol withdrawal kindling and the pathogenesis of delirium tremens.
Limitations of this study include a retrospective design. Our data were obtained from in-patient alcoholics after alcohol withdrawal using a semistructured interview and later crosschecked with in-patients' clinical files. The number of in-patients enrolled into the study who were affected by delirium tremens and alcohol-withdrawal related seizures was only a small subgroup of the alcoholic patients investigated. Subsequently, the number of patients with this phenotype compared to the control group was small (delirium tremens: n ¼ 45, 19% of the patients). Thus, the results reported from this analysis need replication in larger samples to exclude a spurious association.
Due to the exploratory character of this study, it should be mentioned that in a phenotype with a complex inheritance, a number of genes and polymorphisms might be involved. Each of these genes may contribute in a minor manner to the phenotype and might be only detected in very large samples with sufficient power if a very low significance level is applied.
Another limitation of this study is the lack of a genomic control technique to confirm the results of the study. While all the subjects enrolled into the study were carefully examined regarding their ethnic background, stratification bias cannot be excluded. A family-based association method using case-parent triad design to avoid ethnic stratification bias, however, was not used in this analysis and might be necessary in subsequent studies.
Materials and methods

Patients
Seven years ago, the Munich Gene Data Bank for alcoholism (MGBA) project was initiated. [48] [49] [50] All participants were recruited as in patients from a ward for treatment of alcohol dependence. All patients were older than 18 years and met ICD10 and DSM-IV criteria for alcohol dependence. Previous and current epileptic seizures, delirious symptoms such as hallucinations or severe disturbance of consciousness were assessed with a structured interview (SSAGA: Semi-Structured Assessment for the Genetics of Alcoholism 51, 52 ). Personality diagnosis, including antisocial personality disorder, was assessed using the SCID II interview (German  Version   53 ). Furthermore, a comprehensive psychiatric examination was performed by two experienced psychiatrists (UWP or MS). The patients' reports were cross-checked with the original patient files. Using ICD10 criteria, the history, number of alcohol withdrawal-induced seizures (F10.31 or F10.41) and delirium tremens (F10.4) were identified. Inpatients were investigated 2 weeks after admission and after alcohol withdrawal when free of any psychopharmacological treatment.
Age of onset of alcohol dependence was assessed computing the mean of retrospectively obtained first alcohol dependence ages of onset criteria as mentioned in DSM-IV by the SSAGA: higher consumption of alcohol than intended, attempts to stop or control alcohol consumption, significant time spent to consume alcohol or recover from alcohol intake, regular withdrawal symptoms during important daily obligations like school or work, reduction of important occupational or private activities because of alcohol intake, continued alcohol consumption despite the occurrence of psychological or physical harm and occurrence of 50% higher tolerance to alcohol effects. Daily alcohol intake was obtained using the typical daily average alcohol consumption of the last 8 days before admission. Pure alcohol intake was computed in g/day. Duration of alcohol dependence was computed as the difference between current age and age of onset.
Alcohol-dependent subjects were subgrouped according to Babor types A and B 54 by using five characteristics of alcohol dependence mentioned by a subsequent study, 55 which were assessed by the SSAGA. These characteristics included daily alcohol intake, relief drinking, medical conditions due to alcohol, physical and social consequences. Composite scales were calculated for the five characteristics and dichotomized using median split. Subjects were subtyped according to type A or B, if they met three or more of the dichotomized scores criteria (upper half: type B, lower half type A). Furthermore, taking the SSAGA data, number of DSM IV criteria endorsed and number of six alcoholism-related physical problems were computed. Finally, to compare the influence of the GRIK3 polymorphism on in-patient's history of delirium tremens and epileptic seizures, alcohol-dependent in-patients subjects were subgrouped into subjects with a history of delirium tremens only or epileptic seizures only, or both together.
Control persons from the general population were recruited at different locations (e.g. libraries, road-works, big stores), representing different social groups from unskilled worker to university graduates. In all control persons, a comprehensive medical and psychiatric assessment was carried out together with routine laboratory screening to exclude severe physical or psychiatric axis I or axis II disorders such as schizophrenia, depression, personality disorders and substance use disorders including alcohol dependence.
In order to assess psychological problems, personality traits and possible present psychopathological symptoms were evaluated using the MMPI (Minnesota Multiphasic Personality Inventory 56 ), one of the most commonly used personality questionnaires in clinical practice. All persons with first-degree relatives suffering from any axis I disorders or alcohol dependence were not included. All patients and controls were Caucasian and of German descent to avoid ethnic stratification bias.
Genotyping
Genomic DNA was isolated from whole blood according to standard procedures. The GRIK3 ser310ala (T928G) polymorphism (rs6691840) was detected by PCR amplification, restriction enzyme digestion, electrophoresis on 2% agarose gels and visualization by ethidium bromide staining under the following conditions: forward primer: 5 0 -GAA GCC CCT GGA ATT CAC CT-3 0 ; reverse primer: 5 0 -CCG GAT TCT CAA TGT GGA CAA-3 0 . PCR was carried out in a final volume of 25 ml containing 50 ng genomic DNA, 200 mM of each dNTP, 0.5 mM of the forward and reverse primer and 0.75 U Ampli Taq Gold DNA polymerase (Applied Biosystems, Foster City, USA). After an initial denaturation step of 951C for 10 min, there were 35 cycles of denaturation at 951C for 30 s, annealing at 621C for 30 s and extension at 721C for 1 min. A final step was performed at 721C for 7 min. The PCR product was digested with 5 U SmaI over night at 251C. An uncut fragment of 180 bp represents the A-allele, whereas two fragments of 116 and 64 bp indicate the C-allele.
Statistics All continuous data were tested for normal distribution. Hardy-Weinberg equilibrium was analyzed for each sample. The relationships between continuous parameters like age and alcohol dependence criteria such as age of onset, duration of alcohol dependence and daily alcohol intake across GRIK3 genotype were computed using one-way ANOVA. Post hoc tests (Scheffé's test) were applied when necessary.
The relationships between other variables like frequencies of seizures and delirium tremens with genotypes were tested using w 2 tests. To permit comparisons of the different associations found, independently of the sample size, odds ratios (OR) were computed with 95% confidence intervals (CI) comparing allele frequency and disease-related traits.
Linear trend in variations of frequencies of the SER310ALA polymorphism alleles (presence of 0, 1 or 2 alleles) with respect to the presence of clinical phenotypes (delirium or seizures) was subsequently evaluated with the CochranArmitage test. 57 Clinical variables (such as duration of alcoholism and age at interview) were compared in different groups (with vs without the studied allele) using an analysis of variance.
A two-tailed a-significance level of Po0.05 was defined to be statistically significant. Due to the experimental character of this analysis, correction of significance levels was not used.
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